An inorganic orthophosphate-activation of resting respiration in the intact cells of Brevibacterium ammoniagenes, tentatively named the "Pi-effect", was further investigated in comparison with oxidative phosphorylation.
In the previous paper (1), it was reported that the respiration of phosphatedepleted cells of Brevibacterium ammoniagenes was markedly activated by the addition of inorganic orthophosphate and this activation was tentatively named "P i-effect". This "effect" was observed in parallel with phosphate uptake from the surrounding medium to intact cells and not seen in disrupted cells. This "Pi-effect" has no relation to divalent cation transport, activation of glycolysis, phosphate-requiring enzyme(s), and macromolecule synthesis. It has been well known that respiratory activity of mitochondria depends on ADP and orthophosphate (2, 3) . This dependence can be seen only in intact and phosphorylating mitochondria showing high P/0 ratio and not in damaged or submitochondrial preparations. Bacterial respiration has been considered to couple with phosphorylation quite loosely because it generally shows very low P/0 ratio (4) and cannot be 393 OISHI AND AIDA VOL. 16 stimulated by the addition of various uncouplers (5) . However, these results were obtained from experiments using disrupted fragments of bacterial cell. Even in mitochondria, disrupted preparations show lower P/0 ratio and their respiratory activity cannot be affected by uncouplers or ADP and orthophosphate.
In the organisms showing energy-requiring control of respiration, the ratio of ADP supplied to extra oxygen consumed is one of the expressions of PJO ratio in oxidative phosphorylation (3) . If this is the case in bacteria, investigation on the characteristics of bacterial oxidative phosphorylation will progress much further.
From this point of view, relationship between the "Pi-effect" and oxidative phosphorylation was investigated.
MATERIALS AND METHODS

Bacterial strain.
Brevibacterium ammoniagenes 317-1 (1) was used throughout this work.
Bacterial culture. The culture method was described previously (1) . Preparation of intact cell suspensions.
The harvesting and the preparation of intact cell suspensions were described previously (1) .
Preparation of lysozyme-treated cells. Ten mg of lysozyme was added to 20 ml of the intact cell suspension mentioned above and incubated for 3.5 hr at 30°, with or without 5 mM of MgCl2. After incubation, cells were collected by centrifugation at 11, 000 x g, washed twice with Tris-HC1 buffer (pH 7.7), and resuspended in the same buffer at a concentration of 25 mg wet weight per ml.
Preparation of cell fragments. The intact cell suspensions were treated twice with French Press at 600 kg/cm2 and the disintegrated cells were removed from debris by centrifugation at $,000xg for 15 min. For determining phosphorylative activity, the fraction of 20,000xq, 30 min, to 144,000x g, 60 min, was collected and washed once with Tris-HC1 buffer (pH 7.7) containing 5 mM of MgC12.
Measurement of respiratory activity. This method was described previously (1). Lysozyme-treated cells were also examined at the concentration corresponding to the intact cell suspensions. Measurement of phosphate uptake.
This method was described previously (1) .
Measurement of phosphate esteri fication. This measurement was made with an oxygen electrode (Yanagimoto, PO-100) employing a 3 ml of a reaction mixture containing 300 pmole of Tris-HC1 (pH 7.7), 30 tcmoles of MgC12, 0.5 pmole of ATP, 1 mole of ADP, 10 pmoles of KH232P04 (1,000,000 cpm), 0.1 mg of yeast hexokinase, 30 pmoles of glucose, 2 imoles of NADH or 30 pmoles of succinate, and an appropriate amount of cell fragments. The reaction mixture was incubated at 30° for 4 min and then 0.3 ml of this mix-ture was taken out with a micropipet.
Esterified phosphate was separated from orthophosphate by a reverse-phase siliconized Celite column (6) , and submitted to Guiger-counter analysis.
Chemicals 
RESULTS
Effect of lysozyme treatment on "P1-effect"
The "P1-effect" can be observed only in the intact cells and not in the disrupted cells (1) . The activation of respiration continues as long as the cells are taking up phosphate from the surrounding medium and terminates when extracellular phosphate is almost completely depleted.
This fact means that "P 1-effect" requires some structural soundness in the cells.
The effect of chemical modification of the intact cells on the occurrence of "P1-effect" was examined.
Several hydrolytic enzymes such as proteases, lipase, papain, and lysozyme were employed as modifiers and it was found that all the enzymes abolished the "Pi-effect" (7) . However, in the presence of 5 mM of MgCl2 or CaCl2, lysozyme treatment scarcely damaged the "effect" though it brought an increase of cellular permeability to NADH as much as that seen in the cells treated with lysozyme without MgC12 or CaCl2. Figure 1 shows the effect of lysozyme treatment on the "P1-effect" when glucose was used as a respiratory substrate.
Respiratory control ratio and Pl/O ratio, calculated in the same way as ADP/O ratio (3), to several substrates are shown in Table 1 .
It can be seen clearly that respiration in the lysozyme-treated cells could no longer be activated by the addition of phosphate, whereas the respiration in the Mg plus lysozyme-treated cells was activated same as that in the intact cells. P,/O shown by the Mg plus lysozyme-treated cells resembled that of the intact cells ; 0.45-0.66 in the oxidation of glucose, lactate, and acetate, and 1.00-1.25 in the oxidation of succinate.
It is of interest to note that both the oxidation of NADH in the lysozyme-treated and the Mg plus lysozymetreated cells could not be activated by phosphate.
Effect of lysozyme treatment on oxidative phosphorylation
As mentioned above, it is obvious that lysozyme treatment has an important effect on the "P,-effect."
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the effect of lysozyme treatment on the efficiency of oxidative phosphorylation in vivo and in vitro. It is quite difficult to measure accurate efficiency of bacterial oxidative phosphorylation in vivo because the cells generally have a strong activity of glycolysis and ATP-utilizing pathways.
In the case of bovine spermatozoa, whose functional mitochondria can hardly be isolated from the cell, the efficiency was measured by using 2-deoxyglucose as an ATP-trap (8) (9) (10) .
This sugar can be phosphorylated by endogenous hexokinase, while it can not be metabolized any further. Therefore, glycolysis and ATP-utilizing pathways are eliminated by the use of 2-deoxyglucose.
Brevibacterium ammoniagenes cannot oxidize 2-deoxyglucose, which means that this sugar is not metabolized through glycolysis in this organism.
Therefore, using this sugar, cellular oxidative phosphorylation in the intact, the lysozyme-treated, and the Mg plus lysozyme-treated cells was investigated. The results are shown in Table 2 . It was found that the ratio of P/0 obtained was lower than Pi/0, and that lysozyme treatment did not affect P/0 ratio.
Assay of oxidative phosphorylation in vitro was carried out with cell fragments prepared by the French Press-treatment.
The composition of the reaction mixture was the same as that used in the study on wide-range bacterial oxidative phosphorylation (11) except that KF and sucrose were The methods for preparing intact, lysozyme-treated, and Mg plus lysozymetreated cells are described in MATERIALS AND METHODS.
The reaction mixture contains 0.5 dry mg of cells, 30 imoles of glucose, 100 mµmoles of orthophosphate, and 300 ~cmoles of Tris-HCI (pH 7.7), and incubated at 25°. omitted. These two were found not to be necessary for the maximum efficiency. Table 3 shows the efficiency of oxidative phosphorylation in the cell fragments from intact cells. It is of interest that P/0 ratio in the oxidation of N ADH was much lower than that in succinate oxidation.
Similar results have been observed in the case of Brevibacterium helvolum, Micrococcus lysodeikticus, and M luteus (11) . Table 4 shows that P/0 to succinate was always more prominent than that to NADH ; the former was about 0.8 and the latter about 0.1. Lysozyme treatment had no effect on the oxidative phosphorylation in vitro. It was concluded that lysozyme treatment deprived the "Pi-effect" whereas it did not lower P/0 ratio, both in vivo and in vitro.
Effect of various inhibitors and uncouplers on the "P2-effect" and oxidative phosphorylation
For further investigation on the relationship between the "Pi-effect" and Table  1 . Effect of lysozyme treatment on "Pi-effect."
The reaction mixture is the same as described in Fig.  1 .
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oxidative phosphorylation, effects of various respiratory and energy-transfer inhibitors and uncouplers were studied.
As shown in Table 5 , all the respiratory inhibitors which abolished the "P i-effect" in vivo lowered P/O in vitro at the same concentration, and vice versa. The same results were also obtained from the experiments using uncouplers and energy-transfer inhibitors as shown in Tables 6 and i . Pattern of the effect of these reagents on the "P1-effect" is summarized These results are considerably different from those seen in mammalian mitochondria (12) .
Effect of these inhibitors and uncouplers on respiration and oxidative phosphorylation in cell fragments is summarized in Table 8 . p-Quinone, menadione, Asi, pentachiorophenol, and TBTC markedly reduced P/0 and ophenanthroline, Antimycin A, N3-, and dinitrophenol, which are parenthesized in Table 8 , also lowered P/0 but a little weaker.
Effect of arsenate and tributyltin chloride on the "Pi-effect" and oxidative phosphorylation
In the above experiments, Asi and TBTC acted as if they were an energytransfer inhibitor and an uncouples, respectively.
Detailed experiments were made on the action of these reagents.
As shown in Table 9 , respiratory activation by 3 x 10.5 M of phosphate remained partly in the presence of 3 x 10.6 M of Asi while it was completely eliminated in the presence of more than 3 x 10-5 M of Asi. In the case of oxidative phosphorylation, P/0 ratio was lowered to one-half of normal level with 3 x 10_° M of Asi and came almost to zero with 3 x 10.5 M of Asi as shown in Table 10 . Effective concentrations of Asi on the "Pi-effect" and on oxidative phosphorylation are, thus, in good agreement with each other, indicating that the "Pi-effect" is closely related to oxidative phosphorylation. "Pi -effect" .
in Fig. 1 . Action of TBTC is more complicated.
As shown in Fig. 3 , 1 X 10-6 M of TBTC gave only a slight decrease of the "Pi-effect."
At a concentration of 1 x 10.5 M, it acted like an uncoupler as mentioned above, while at 1 x 10-~ M, it acted in a manner similar to an energy transfer inhibitor.
Oxidative phosphorylation in cell fragments was reduced by 1 X 10'6 M and almost completely abolished by 1 x 10-4 M of TBTC as seen in Table 11 .
It is doubtful, however, whether Asi and TBTC are a true energy transfer inhibitor and uncoupler, respectively, because respiratory activation by 1 x 105 M of TBTC could be observed only in the presence of less than 3 x 10-6 M of Asi, where the ability of respiratory activation by phosphate still remained, as seen in Fig. 4 .
DISCUSSION
It was demonstrated in the previous paper (1) that the "Pi-effect" depends upon intactness of the bacterial cell. In the present experiments, it was further found that this "effect" is exceedingly delicate and is abolished merely by treating with lysozyme.
The so-called "glutamic acid bacteria" have been known to be highly resistant to lysozyme (13, 14) and not to be converted into perfect protoplast. In the case of Brevibacterium ammoniagenes, lysozyme could neither reduce the optical density of the suspensions of this organism nor release a detectable amount of substances relating to cell wall components from the cell into the external fluid (7). However, membrane permeability to NADH was improved by lysozyme treatment, indicating that the function of cell membrane was, at least partly, changed by lysozyme.
No other physiological change could be observed. Therefore, it may be said that lysozyme gave only a slight modification on the cell of this organism.
Similar effect of lysozyme had been observed in a lysozyme-sensitive bacterium, Micrococcus lysodeikticus (15) , where NADH became able to penetrate into the cell and was oxidized readily after lysozyme treatment, as far as an osmotic stabilizer was present.
It had also been said, however, that none of lysozyme-insensitive organisms examined showed any NADH oxidase activity after lysozyme treatment.
Up to date, no report has dealt with lysozyme in relation to phosphate metabolism.
The most important point is that lysozyme treatment of the intact cells of this organism caused a drastic abolishment in the "P1-effect".
In mammalian mitochondria, respiratory control by ADP and energy-requiring reversal of electron transfer are readily lost by only a slight damage in mitochondrial structure (16) . This is also the case in plant mitochondria (17) . Presence of energy-requiring control is considered more strict criterion of intactness of mitochondrial structure than P/0 ratio.
Lysozyme did not affect P/0 ratio of this organism determined in vivo and in vitro, while it abolished the "Pi-effect".
There may be two possibilities " (i) the "Pi-effect" is independent of oxidative phosphorylation, and (ii) the "P i-effect" is closely related to oxidative phosphorylation and its occurrence depends on cellular intactness like energy-requiring control in mitochondria. If this is the case, characteristics of bacterial phosphorylation coupled with respiration are quite similar to those of mitochondria.
This assumption is very attractive.
The data in the preceding paper (1) denied the relationship between the "P i-effect" and phosphate-linked reactions on the pathways of carbohydrate degradation and macromolecule synthesis, which, though indirectly, suggest that the latter is more probable.
However, this latter possibility cannot be accepted at all, because the efficiency of bacterial oxidative phosphorylation is at a quite low level. The Pi/0 ratios to glucose, lactate, acetate, succinate, and NADH were 0.45, 0.43 -0 .66, 0.56-0.63, 1.00-1.25, and 0, respectively.
On the one hand, P/0 ratios of oxidative phosphorylation in vitro were 0.8-0.9 to succinate and 0.1 to NADH. Basing on these P/0 ratios, and assuming that glucose, lactate, and acetate were oxidized through glycolysis and TCA cycle, the P/0 ratios to glucose, lactate, and acetate will be calculated as 0.56, 0.40, and 0.30. These ratios resemble the corresponding P;/0, indicating that this may be the case in the intact cells. The P/0 ratios obtained from the in vivo experiments were only 1/3 of those from in vitro experiments.
In the case of bovine spermatozoa, efficiency of cellular oxidative phosphorylation was as low as 1/3 to 2/3 of that measured with isolated mammalian mitochondria (8) . From these facts, it can be assumed that the actual efficiency of bacterial oxidative phosphorylation is very low, as had been considered.
It is, therefore, important to ascertain whether such as a low P/0 of bacterial oxidative phosphorylation is derived from loose coupling between phosphorylation and respiration or from reduction in number of phosphorylating "site."
Except for Mycobacterium phlei (18) and Nitrobacter winogradskii (19), bacterial P/0 to NADH is below 1.0. Oxidative phosphorylation coupled with cytochrome oxidase (site III) has not been demonstrated except in M. phlei (20). Various bacteria were found to be classified into two groups by their phosphorylation properties (11) ; one shows nearly equal P/0 in NADH and succinate oxidation, and another shows higher P/0 in succinate oxidation than in NADH oxidation.
In either group, phosphorylation coupled with oxidation of NADH to cytochrome b (Site I) may be absent or, if any, nominal by bypassing electron flow prior to coupling with phosphorylation. Thus, phosphorylation coupled with b-type cytochrome oxidation (Site II) is most likely to be present in bacteria.
The organism used in the present experiments showed 0.8 for P/0 and 1 for Pi/0 in succinate oxidation. This may mean that Site II phosphorylation is "tightly coupled", though the organism showed far lower P/0 in NADH oxidation in another direction.
Experiments with inhibitors and uncouplers showed that both the "Pi-effect" and oxidative phosphorylation were similarly eliminated by the same reagents, p-Quinone, which completely inhibited respiration in vivo while markedly stimulated respiration in vitro, menadione, TBTC, o-phenanthroline, Asi and pentachlorophenol arrested both the "Pi-effect" and oxidative phosphorylation at the concentration of 3 x 10.4 M, 3 x 10 M, 1 x 10-5 M, 3 x 10 M, 3 x 10-5 M, and 1 x 10.4 M, respectively.
These reagents, of course, do not always act in the same manner on mitochondria.
Asi seemed to inhibit energy transfer in this organism, though it is a typical uncoupler in mitochondria (21). Asi was 100 times more active than phosphate.
TBTC, which is known as an energy-transfer inhibitor in mitochondria (22, 23), acted as an uncoupler at the concentration of 1 x 10-5 M. Similar phenomenon was observed in phosphorylation in yeast mitochondria (24). Despite these complexities, the results described above as a whole suggest again that the "Pi-effect" is closely related to oxidative phosphorylation. 
